Abstract Fruit production systems that rely on winter chill for breaking of dormancy might be vulnerable to climatic change. We investigated decreases in the number of winter chilling hours (0-7.2
Introduction
In recent years, much research has been devoted to estimating the implications of climate change for agricultural production (Hanratty and Stefan 1998; Liverman et al. 1986; Lobell et al. 2006; Schneider 1977; Walker and Schulze 2008) . Field crops in particular have received considerable attention, with most research scenarios including a doubling of the atmospheric carbon dioxide concentration (Bertrand et al. 2007; Kim et al. 2007; Marhan et al. 2008 ) and/or a temperature increase by 2
• C or more (Estrella et al. 2007; Krishnan et al. 2007; Xiao et al. 2007) , reflecting the most likely future climate estimates proposed by the Intergovernmental Panel on Climate Change (IPCC 2007) and other climate modeling efforts. Field crops, such as maize (Zea mays L.), wheat (Triticum aestivum L.) and rice (Oryza sativa L.) are by far the largest contributors to meeting the food energy demands of a growing human population. While the challenges in producing sufficient amounts of these crops in the future will be enormous, they may not be the most susceptible to climate change, since the production of annual field crops in a climatically altered world will be aided by the relative mobility of such crops. Relocating plantations of perennial tree crops, in contrast, is much more difficult, because of the longterm investments involved in such enterprises. Moreover, the pattern of climatic dependency of fruit crops is much more complex than that of most annuals. While in annual crops, adjustments to climatic changes can be relatively easily implemented, e.g. by shifts in the planting and harvest dates, many perennials require a certain climatic regime in both the winter and the summer seasons, making such simple approaches to adaptation infeasible.
One of the major determinants of good yields in many fruit trees is the availability of winter chill. Trees and shrubs that require winter chill rely on the occurrence of cold conditions during the winter, in order to break their dormancy and initiate fructification. In spite of the importance of this phenomenon for horticultural production, the physiological details of this process are still relatively unknown, and the existence of several competing models to quantify winter chill suggests that the climatic conditions required to break a tree's dormancy are as yet relatively poorly understood and possibly vary between species (Kozlowski and Pallardy 2002; Rea and Eccel 2006) . This is also reflected by the fairly elaborate structure of some existing models and by their specificity to a certain species or even variety (Richardson et al. 1974; Shaltout and Unrath 1983) . Several authors suggest that a species' chilling requirement is not necessarily fulfilled by a certain number of hours below a given temperature threshold. Warm temperatures might instead compensate for earlier chilling hours (Lüdders and Wernke 2003; Shaltout and Unrath 1983) , or the breaking of dormancy might happen in two phases (Erez and Couvillon 1987) . The easiest and most common approach to approximating winter chill conditions, however, is to sum up the seasonal hours between 0
• C and 7.2 • C (Bennett 1949; Weinberger 1950) . Since this approach is widely used in practical horticultural production, and for most fruit species, chilling requirements are typically given as hours within this range, it seems to be the most appropriate approximation of chilling conditions, allowing the widest possible conclusions.
In subtropical fruit growing regions, where chilling-sensitive crops are cultivated, chilling conditions occur during the coldest hours of the day during the winter.
Such regions can thus be expected to react strongly to increases in daily minimum temperatures during the cold season. Several recent modeling efforts and longterm temperature observations have indicated that much of the recently observed global warming trend can be attributed to rising minimum temperatures, which have increased at a faster rate than mean or maximum temperatures (Easterling et al. 1997; Lobell et al. 2007; Vincent et al. 2005; Vose et al. 2005; Zhang et al. 2005; Zheng et al. 1997) . Perennial fruit production systems, which are long-term operations that depend on seasonally low temperatures, may thus be among the agricultural or horticultural systems that are most vulnerable to climate change (Blanke 2008; Cannell et al. 1989; Seguin 2003) . In a recent study, Baldocchi and Wong (2008) have investigated trends in chilling conditions in California, finding a pronounced decrease in the number of chilling hours at most sites. While they expect these changes to have deleterious consequences by the end of the twenty-first century, other regions might feel detrimental effects of reduced winter chill at a much earlier date.
An ideal site for studying the effects of climatic changes on fruit production systems that receive marginal winter chill is the high-mountain region of Al Jabal al Akhdar in the Sultanate of Oman (Scholz 1984; Gebauer et al. 2007) . Almost the entire area of this desert country lies at low elevation at subtropical and tropical latitudes, with mean annual temperatures ranging between 25 and 30
• C, peak summer temperatures exceeding 45
• C and virtually no hours of temperatures below 7.2
• C during the winter (Fisher 1994) . Fruit production systems in the lowlands are thus composed of species that do not have a chilling requirement, such as date palm (Phoenix dactylifera L.), mango (Mangifera indica L.), papaya (Carica papaya L.) and lime (Citrus aurantiifolia (L.) Swingle). At higher altitudes, however, a small number of mountain oases at elevations of up to 2,000 m above sea level, cultivate a different assemblage of crops (Buerkert et al. 2005; Gebauer et al. 2007; Luedeling and Buerkert 2008a, b) . Farmers in these ancient cropping systems grow pomegranates (Punica granatum L.), peaches (Prunus persica L.), apricots (Prunus armeniaca L.), walnuts (Juglans regia L.), and even apples (Malus domestica Borkh.), pears (Pyrus communis L.) and plums (Prunus domestica L.), all of which have minimum chilling requirements between 100 and 400 h (Table 1) and thus cannot be found in the lowlands. In spite of the relative favorability of these locations, with a reliable water supply and cool winter seasons, yields of some of the cultivated fruits have been low in recent years in some of the oases, including almost complete crop failures of peaches and apricots in several years. While low yields can have many causes, the locations of these oases in an area of marginal winter chill merits an investigation of the altitudinal and temporal dynamics of winter chill in this region. The presence of mountain oases along a long elevation gradient, stretching over more than 1,000 m, and the presence of a long-term weather station in this region provide an excellent setting for analyzing the effects of climatic changes on the prevalence of chilling conditions in a region of marginal winter chill.
The potential implications of this study extend well beyond the oasis farming systems of Oman. In many parts of the world, fruit growers use winter chill models to identify appropriate tree cultivars for their production sites. This practice is common in most subtropical growing regions, such as Israel (Erez et al. 1979) , South Africa (Linsley-Noakes and Allan 1994), Spain (Ruiz et al. 2007 ) and California (Baldocchi and Wong 2008) . Growers in these regions generally know very well how much 
a The chilling requirement of roses is unknown, but cannot be high, since roses are also grown in some oases at much lower altitude. Numbers in parentheses indicate the minimum chilling requirement for the species according to Noel (2007) and Baldocchi and Wong (2008) winter chill they can expect in the majority of years and select their crops accordingly. Information about historic levels of winter chill is derived from experience, reflecting conditions of the recent past, whereas the potentially productive years of the cultivars that are selected based on this information in most cases extend decades into the future. In times of rising temperatures in most growing regions, it is possible that for many species and varieties selected in such a process, winter chill conditions will become marginal by the time the trees reach their physiological bearing age. While the Omani oases might be among the most marginal areas for the production of fruit and nut trees with chilling requirements today, many other regions may be similarly marginal for the species and varieties that were selected or bred for past chilling regimes. In terms of winter chill conditions, the oasis systems that are the subject of this study are thus representative of traditional and non-traditional farming systems around the world that include perennial crops with chilling requirements. Our study will therefore provide important information about the challenges that climatic changes, expected to occur within the next few decades, are likely to present to such cropping systems.
Materials and methods

Study sites
The study was conducted in four mountain oases along an elevation gradient in Al Jabal al Akhdar, Sultanate of Oman (Fig. 1) . These oases were Masayrat ar Ruwajah at 1,030-1,060 m.a.s.l., Salut (1,430-1,450 m.a.s.l.), Qasha' (1,620-1,640 m.a.s.l.) and a contiguous agricultural area surrounding the oases of Al 'Ayn, Al 'Aqr and Ash Sharayjah (referred to only as Al 'Ayn in the following; 1,750-1,930 m.a.s.l.). For Masayrat ar Ruwajah, Qasha' and Al 'Ayn, aerial photographs were taken using a remotely-operated model plane equipped with a digital camera (Schäper 2006) . All images were georeferenced using a differential GPS (Pathfinder ProXRS, Trimble Navigation Ltd., Sunnyvale, CA, USA) and rectified using ERDAS IMAGINE 8.5 (Leica Geosystems GIS & Mapping LLC., Norcross, GA, USA).
Tree counts
Based on the aerial images, all cultivated fruit trees and perennial shrubs of all oases were counted in the field, classified according to species and entered into a Geographical Information System, using ArcMap 9.2 (ESRI Inc., Redlands, CA, USA). For Salut, no aerial photograph was available because the village was too far away from the take-off sites of the plane at Al 'Ayn and Masayrat ar Ruwajah. The gardens of Salut are, however, relatively small and the tree count could be done without an image for orientation. For mapping purposes, the location and shape of Salut's gardens were sketched using a satellite image downloaded from Google Earth (Google, Mountain View, CA, USA), which was georeferenced by the location of the other oases. For each tree species, the minimum number of chilling hours that is required for complete breaking of dormancy was extracted from the Australian Tree Crops Sourcebook (Noel 2007) , and all trees were classified into species with (1) low chilling requirement (<100 h of between 0
• C and 7.2 • C), (2) intermediate chilling requirement (100-300 h) and (3) high chilling requirement (>300 h). This rough classification was necessary, because no information exists on the actual chilling requirements of the traditional Omani cultivars. To allow a long-term assessment of chilling conditions in the oases, additional weather data were taken from an official weather station at Saiq (World Linear regressions between this dataset and the data collected in the oases revealed that the Saiq temperature records are a reliable proxy for the temperatures in our study oases (Fig. 2) . Hourly temperature records from this weather station are only available since 2004, when the station's equipment was modernized, whereas the station's record of daily values goes back to 1979. The full dataset of daily records was obtained from the National Climatic Data Center (NCDC 2008) of the US National Oceanic and Atmospheric Administration (NOAA). Since the dataset contained several gaps, missing values of minimum, mean and maximum temperatures were interpolated linearly from temperatures measured on days before and after the gaps. Winter seasons, during which more than 50 days were missing between November and April, were excluded from further analysis. This was the case for the winters of 1979/1980 to 1982/1983, 1984/1985, and 1988/1990 to 1990/1991 (Fig. 3) .
Temperature modeling
In order to estimate chilling conditions in the past, we used our measurements in the oases and the high-resolution record from Saiq to calibrate the long-term record of daily temperatures. For such an analysis to be meaningful, the consistency of the long-term record must first be ensured. Especially the record of mean temperatures deserves scrutiny, since daily mean temperatures can be determined by one of three methods. The most accurate method, which is being applied at the station since 2004, is to record temperatures at hourly or even higher resolution and arithmetically average all temperatures measured during a given day. In the absence of high-resolution measurements, however, mean temperatures are typically derived by calculating the mean between minimum and maximum temperatures, which can be determined at much higher accuracy with a simple minimum-maximum thermometer, or they are based on point measurements at a certain time of day. A good indicator of which method was used for calculating mean temperatures, and of possible changes in the calculation technique, is the location of the mean temperature (T mean ) relative to the maximum (T max ) and minimum (T min ) temperatures. This measure can be expressed by the ratio R of the difference between maximum and mean temperature and the difference between mean and minimum temperature:
. In the absence of major shifts in the diurnal temperature curves, this ratio should remain relatively unchanged over long periods of time. For the station at Saiq, the ratio shifted substantially over time, in particular from 2003 to 2004, indicating that the mean temperatures recorded here are not useful for detecting long-term climatic trends (Fig. 4) . In contrast, minimum and maximum temperatures were apparently not affected by methodological changes (Fig. 5 ). Both mean monthly T min and T max show a steady but statistically insignificant increase by 0.05
for T min ( p = 0.25) and 0.03
For individual months, however, warming trends were significant, mainly affecting the winter months of November, January and February, when chilling is most likely to occur (Table 2) . Based on these findings about the quality of the weather data, we used only the minimum and maximum daily temperatures for modeling hourly temperatures. Since the daily curve of hourly temperatures is influenced by the time of year, the daylength as modeled by Jarmo Lammi's sunrise/sunset/daylength calculator (downloaded on April 16th, 2008 from http://www.geocities.com/jjlammi/) was included as an additional parameter to account for different sunrise and sunset times during the course of the year. This tool calculates the daily sunlight hours for a given date based on a location's latitude. For each oasis, we then determined a prediction equation for hourly temperatures based on daily minimum and maximum temperatures and daylength, using the Partial Least Squares (PLS) regression procedure in JMP 7 (SAS Institute Inc., Cary, NC, USA) to derive the model coefficients. For determining the number of latent factors to be included in the regression, we used the program's cross-validation procedure. Separate regressions were carried out for each hour of the day (0 through 23) and for each of the three oases.
The resulting regression equations were used to estimate the temperatures for each hour since 1979 based on the long-term record of daily minimum and maximum temperatures from Saiq and the daylength for each day of the year. From the modeled hourly temperatures and the elevations of Masayrat ar Ruwajah and Qasha', we interpolated hourly temperatures for Salut, which lies at an intermediate altitude. In the resulting temperature record for all four oases, we then classified each hour, for which modeled temperatures were between 0
• C and 7.2 • C as a chilling hour, and summed up the number of chilling hours for each winter season (November to April) that had less than 50 days of missing data.
Present and future chilling scenarios
Analyzing time series allows only limited conclusions about the long-term risks of severe consequences of climate change, because every year of the record is affected by interannual climate variation. Extremely warm or cool years in a time series might be improbable outliers rather than true representatives of long-term trends. This limitation of time series can be overcome by generating synthetic long-term weather records, which are representative of conditions during one selected year. In this procedure, the statistical characteristics of long-term weather records are determined, and a large number of representative years is generated based on these characteristics. A random seed is used to introduce variability into the record. Such synthetic temperature records can then be analyzed statistically, yielding valuable information about the likelihood that a certain climatic variable will exceed or fall short of a given threshold value in a given year.
We used the LARS-WG stochastic weather generator (Semenov 2008 ) to generate three synthetic weather records. These records represented temperature conditions observed at Saiq between 1979 and 2008, as well as two climate change scenarios, in which mean monthly minimum and maximum temperatures were elevated by 1
• C and 2
• C, respectively. These estimates are in the range of temperature projections by the Intergovernmental Panel on Climate Change (IPCC 2007 (IPCC ) between 1980 (IPCC -1999 (IPCC and 2020 (IPCC -2029 Since the 'present' scenario represents the median year of the historic record (1994) and temperatures appear to be increasing by about 0.05
• C annually, the two future scenarios can be interpreted as representing climatic conditions around 2014 and 2034.
As input for the weather generator, we used all daily measurements of minimum and maximum temperatures and rainfall recorded at Saiq. Since the software also required measurements of solar radiation, we added such data recorded at the town of Sayh Qatanah, about 2 km from the weather station, between (Luedeling and Buerkert 2008a . For all three scenarios, we generated 100 years of daily weather data. From these daily estimates, we then modeled hourly temperatures based on the PLS regression equations and calculated annual chilling hours as described above.
Results
Tree count
In the terraces around Al 'Ayn, we found 22 species of tree and shrub crops with a total of 10,346 individual plants, the highest numbers of all oases studied. Qasha' followed with 21 species (1,358 individuals), whereas the gardens of Salut (14 species, 425 individuals) and Masayrat ar Ruwajah (12 species, 1457 individuals) were substantially less diverse. The dominant species in the three upper oases was pomegranate, followed by rose (Rosa damascena Mill.) in Al 'Ayn and peach in Qasha' and Salut. In Masayrat ar Ruwajah, the upper story of the vegetation was dominated by date palm, followed by banana (Musa × paradisiaca L.). According to Noel (2007, published online only, refer to Baldocchi and Wong 2008 for a published version of the table), 15 tree or shrub species had minimum chilling requirements of less than 100 h, six species ranged between 100 and 300 h, and four species had chilling requirements of more than 300 h (Table 1) . While these numbers might indicate that the oases are not very sensitive to chilling conditions, the distribution of individual trees and shrubs among chilling requirement classes leads to different conclusions. Since pomegranates and peaches made up between 60% and 80% of the trees at Al 'Ayn, Salut and Qasha', the majority of trees cultivated here had intermediate chilling requirements. Trees with even higher chilling requirements, walnuts and apricots in particular, made up 5% of the trees at Al 'Ayn, and 4% at Qasha' and Salut (Fig. 6 ).
High-resolution temperature measurements and model development
Mean annual temperatures calculated from measurements in the oases were 18.6
• C for Al 'Ayn, 20.8
• C for Qasha' and 24.7
• C for Masayrat ar Ruwajah, with the temperature ranging from −2.6
• C to 34.8 • C at Al 'Ayn, from 0.3 • C to 38.8 • C at Fig. 6 Proportion of tree and shrub specimens having chilling requirements of <100, 100-300 and >300 h at the four oases studied. Roses were classified in the class of lowest chilling requirement Qasha' and from 5.8
• C to 42.8
• C at Masayrat ar Ruwajah. In the long-term record from Saiq, daily minimum temperatures varied between −3.6
• C and 29
• C, with a mean daily minimum of 12.8
• C, whereas daily maximum temperatures ranged between 7.3
• C and 44
• C, with a mean of 23 • C. Modeled daylength varied between 10.62 and 13.45 h.
The models for predicting hourly oasis temperatures, derived by Partial Least Squares regression, yielded very good fits for all 24 h of the day at all three oases (72 regressions in total). Model coefficients varied substantially throughout the day at all oases, with nighttime temperatures being highly and positively correlated with minimum temperatures, whereas during the afternoon, the correlation with the maximum temperature was closer and more positive (Fig. 7) . The model coefficients for the daylength were more variable. While their distribution was mostly even throughout the day, they exhibited two pronounced peaks at each oasis (Fig. 7) .
Long-term temperature and chilling modeling
Hourly temperatures were modeled separately for each oasis and hour of the day based on the equation T modeled = PLS intercept + (T min PLS min ) + (T max PLS max ) + DL PLS Daylength , with PLS min , PLS max and PLS Daylength being the PLS model coefficients shown in Fig. 7 and PLS intercept the y-axis intercept of the PLS regression equation for the respective hour. T min , T max and DL are the measured or modeled minimum or maximum temperatures or daylengths for the respective oasis. For the time period, for which modeled and measured temperatures were available, these two datasets were quite similar (Fig. 8) . Coefficients of determination of linear regressions between modeled and measured temperatures were higher than 0.94 for all oases, and the probability of lack of fit to identity between the datasets was lower than 0.0001. These numbers indicate that the modeling procedure was useful for estimating temperature conditions in the oases. The annual numbers of chilling hours for the historic record were then estimated based on the modeled high-resolution temperature record (Fig. 9) . For Al 'Ayn, the season with the largest number of chilling hours was the winter of 1983/1984 with 615 h between 0
• C and 7.2
• C. Also at Qasha' (287 h) and Salut (114 h), the highest numbers of chilling hours were recorded during this winter. The lowest numbers of chilling hours occurred at Al 'Ayn in the winter of 1999/2000 (166 h), while at Qasha' the previous winter (1998/1999) had the fewest chilling hours (48 h). At Salut, both of these winters had only three chilling hours, the lowest on the record. At Masayrat ar Ruwajah, chilling • C and 7.2 • C, respectively, whereas during all other years, no more than three chilling hours were recorded (Fig. 9) . Linear regression of winter chill over the whole record indicated that the number of chilling hours declined significantly ( p < 0.01) by an average of 9.5 h/year at Al 'Ayn, by 4.0 h at Qasha' (not statistically significant; p = 0.05) and by 1.2 h at Salut ( p = 0.20). The slight increasing trend at Masayrat ar Ruwajah (+0.1 per year; p = 0.32) was insignificant (Fig. 9) .
Present and future chilling scenarios
In the winter chill distribution calculated from the synthetic 100-year weather record representing present conditions (Fig. 10) , winter chill exceeded 400 chilling hours, representative of the requirements of low-chill walnuts, in only 5% of all years. The minimum requirement for apricots, 350 h, was exceeded in 19 out of 100 modeled years. For these two crops, which presently make up only 3% of all trees, winter chill appeared insufficient for optimal production in most years. For peaches, which constitute 4% of tree specimens, winter chill was above the minimum requirement (200 h) in 85% of modeled years, whereas the main crop, pomegranates (57% of trees, chilling requirement of 100 h), never received insufficient chilling. Mean winter chill in this scenario was 274 chilling hours (Fig. 10) .
For the first future scenario (Historic record +1 • C), mean winter chill was only 156 chilling hours. Minimum chilling requirements of walnuts were never met in this scenario, while apricots received enough chilling in only 1 year. Unlike in the 'present' scenario, chilling appeared insufficient for the more common trees in Fig. 10 Distributions of the numbers of chilling hours derived from synthetic 100-year weather records for Al 'Ayn, Oman, representing the historic record, as well as two climate change scenarios (Historic record +1 • C and Historic record +2 • C). The horizontal lines indicate the minimum chilling requirements of walnuts, apricots, peaches and pomegranates, some of the main crops of this oasis. In box plots, the central line indicates the median of the distribution, the edges of the box are the 25% and 75% quantiles, the error bars are the 10% and 90% quantiles, and all outliers beyond these limits are marked by dots many years, with minimum requirements for peaches met in only 23% of years, and even pomegranates not receiving enough chilling in 13 years of the 100-year record (Fig. 10) .
When temperatures were increased by 2 • C (Historic record +2 • C), only 1 year supplied enough chilling for peaches, and even the low requirement of 100 chilling hours for pomegranates was not met in 75% of years on the record. Mean winter chill in this scenario was 80 chilling hours.
Discussion
Tree count
The fruit tree assemblage at the four oases clearly reflected the climatic conditions at each site, and appeared to be correlated to the prevalence of chilling conditions (Fig. 6 ). The proportion of trees with chilling requirements above 300 h was highest at Al 'Ayn and Qasha', lower at Salut and zero at Masayrat ar Ruwajah, where such requirements would never be met. The intermediate fraction (chilling requirements between 100 and 300 h) was dominant at the three upper oases and insignificant at Masayrat ar Ruwajah. At the lowest oasis of the gradient, almost all trees had no chilling requirement. The surprising increase in the proportion of perennial crops that do not require chilling temperatures at altitudes above Salut was caused by an increasing number of rose bushes at higher altitude, where the petals of these shrubs are used for making rose water. We classified roses as low-chill crops, because we observed rose cultivation at much lower altitudes, but it is not unlikely that cool temperatures are necessary to obtain a high quality crop. We are, however, not aware of any studies on this issue, which is why roses were assigned to the lowest chilling class.
From the results of our chilling hour model, we assumed that the production of crops with intermediate or high chilling requirements at Salut and Qasha' has always entailed the risk of low yields or even crop failure in years with warm winters. Nevertheless, the production of such crops was probably worthwhile for local farmers, since it provided them with several specialty products that were rare in Oman and thus ensured high profits on regional markets. Moreover, many of the lowland crops would not thrive under the cool winter conditions of the high mountains, with especially the occasional occurrence of frost imposing a threat to some of these species.
The low proportion of trees with high chilling requirements at all upper oases suggests that past chilling regimes did not allow the reliable production of crops that needed more than about 400 h of winter chill, indicating that such cold winters were probably the exception rather than the rule in decades before the start of local weather recording.
Temperature modeling
The procedure for modeling hourly temperatures provided a very good approximation of temperatures, as they were observed during the study period (Fig. 8) . Model coefficients for minimum and maximum temperature varied throughout the day, with the importance of maximum temperatures increasing after sunrise, and subsequently diminishing after sunset (Fig. 7) . The two daily peaks in the relative importance of daylength in the regression model reflect the different topographic settings of the three oases. At Al 'Ayn, the peaks were less pronounced and further from midday than in the other oases. The reason for this is the position of this oasis just below the edge of an extensive mountain plateau. This site is thus relatively little affected by the shadowing effect of the surrounding mountains, which has a pronounced impact on the seasonal variation in the amount of solar radiation that reaches the oases of Qasha' and Masayrat ar Ruwajah, both of which lie at the bottom of deep valleys. Including the daylength as a model factor and modeling temperatures at hourly resolution thus helped capture the topographic variability of the study area.
The very high accuracy of the model fit (Fig. 8) was probably due to the very homogeneous weather conditions in Oman. Considering that no attempt was made to capture the influence of cloudiness, rain or other weather phenomena, the little scatter that remained in the dataset is remarkable. For regions with more diverse weather patterns, such a good model fit can probably not be attained without the inclusion of additional parameters describing cloud cover or comparable variables. Such variables, however, are not typically available in long-term weather records.
Observed and projected chilling conditions
The number of annual winter chilling hours declined at Salut, Qasha' and in particular at Al 'Ayn, with the decline being highly significant at Al 'Ayn and almost significant at Qasha' ( p = 0.0508). The temperature record was relatively short , however, and thus might not represent the full spectrum of interannual variation. The slight increase in chilling hours at Masayrat ar Ruwajah appears coincidental, since significant amounts of chilling hours only occurred during two years on the entire record. These two occurrences coincided with brief spells of extraordinary cold, leading to rare frost at Al 'Ayn.
Within the time span, for which historic temperatures were recorded, the annual number of chilling hours dropped to levels that seemed to seriously threaten the production of peaches and apricots in Qasha', and are mostly unable to fulfill the reported chilling requirement of pomegranates at Salut. It should be noted, however, that temperatures for Salut were merely interpolated, leaving the possibility for cooler local microclimatic conditions than would be expected by simple interpolation. At Al 'Ayn, the amount of winter chill in recent years seemed insufficient for complete breaking of dormancy in all trees that required more than 400 h of chilling, such as walnut and apple, while long-term trends appeared to worsen conditions for all tree crops with chilling requirements.
The scenario analysis for the historic record (Fig. 10) showed that the current crop composition at Al 'Ayn was well adapted to the distribution of winter chill that could be expected. While insufficient chilling for walnuts and apricots seemed very likely in most years, these species made up only a small proportion of tree specimens in the oasis and received relatively little maintenance, so that crop failures were unlikely to be economically consequential. For the more common trees, sufficient winter chill seemed almost guaranteed.
In the two warming scenarios, however, the current crop composition appeared much less suitable for the expected distribution of annual winter chill. If mean daily minimum and maximum temperatures rise by 2
• C, farmers at Al 'Ayn might lose their ability to achieve satisfactory yields of pomegranates, their current economic staple, in most years. These two warming scenarios are not unrealistic. General Circulation Models presented by the IPCC (2007) estimate temperature increases of between 1 and 1.5
• C over 1980 -1999 temperatures by 2020 -2029 . For 2090 -2099 , these models predict temperature increases between 2 and 4
• C. This indicates that the increasing trends we observed in the historic temperature record (Fig. 2) are likely representative of real changes rather than artifacts of a relatively short temperature record. If temperatures keep increasing at an annual rate of 0.05
• C, the Historic +1
• C temperature scenario could become reality around 2014 (20 years after the median date of the historic record), while temperatures could correspond to the Historic +2
• C scenario by 2034. The decline in the number of chilling hours thus appears to be happening at a rapid pace, with the potential of serious consequences for the traditional cropping pattern of these ancient oasis systems. Within less than 30 years, farmers might be forced to adapt to insufficient winter chill for their most important crops. Potential may lie in the introduction of low-chill cultivars or the application of rest-breaking agents to promote the breaking of dormancy. Given the current marginal conditions for temperate fruit trees and the continuing decrease in winter chill, however, we consider it very likely that much of the traditional production of fruit and nut trees with chilling requirements will soon become impossible in Oman's high-altitude mountain oases.
Conclusions
Using high-resolution temperature measurements to calibrate long-term lowresolution weather records proved a useful tool for evaluating climate change processes. Modeling winter chill using this technique indicated that high-mountain oases in Oman are marginal sites for the production of fruit species with chilling requirements. If recent warming trends continue over the next few decades, winter chill might become insufficient for the successful cultivation of an increasing proportion of the fruit and nut varieties that have traditionally been grown at these sites. Since the investigated oases are among the highest and thus coldest settlements in Oman, with water resources at higher altitudes being very limited, the traditional land use systems of these ancient oases might soon be forced to undergo major changes in the assemblage of cultivated crops, or face increasing risks of crop failure in the future.
Similar temperature trends throughout the Middle East (Zhang et al. 2005 ) make it likely that our findings are representative of a regional trend. It can be assumed that other fruit production regions, where similar crop species are grown under marginal chilling conditions, are also susceptible to even slight warming trends. Given the longterm costs and commitments involved in planting and maintaining fruit orchards, systematic studies on how winter chill conditions can be expected to change in the short and medium term will represent invaluable tools for horticultural decisionmaking in the future.
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